A detailed chemical kinetics mechanism was developed to model silicon oxide clustering during high density plasma chemical vapor deposition of SiO 2 films from silane-oxygen-argon mixtures. An inductively coupled plasma reactor was modeled in a one-dimensional multicomponent two-temperature framework. Spatial distributions of species concentrations were calculated. The effects of discharge parameters and the main processes contributing to cluster formation were examined. A sensitivity analysis was conducted to determine the dominant reactions that affect the model results.
I. INTRODUCTION
Recently high density plasma ͑HDP͒ processing has become increasingly popular in the microelectronics fabrication industry, because one can achieve high deposition rates at low wafer temperatures while also having the capability of anisotropic deep etching. Inductively coupled plasmas ͑ICPs͒ are widely used as HDP source for various thin film deposition and etching processes. Although the operating pressure of a typical HDP chemical vapor deposition ͑CVD͒ process is maintained very low ͑5-20 mTorr͒, some experimental studies [1] [2] [3] indicated that gas-phase nucleation of contaminant particles can be a problem in many of these processes. This problem will become more severe as the ''critical size of killer particles'' decreases along with the characteristic feature size, which is projected to be about 50 nm by 2003. 4 It thus becomes increasingly important to improve our understanding of the kinetics of particle nucleation, growth, and transport in HDP environments. Moreover, the development of experimentally verified numerical models will provide a valuable tool for cost-effective process screening and optimization.
To our knowledge no previous study has reported the development of a detailed model for clustering and particle nucleation in low-pressure silane-oxygen plasmas. Mandich and Reents 5 investigated the growth of large cationic clusters in the presence of silane-water mixtures, since water contamination in silane plasmas has been a concern. They demonstrated sequential growth of large clusters starting with a subsilane cation and concluded that low levels of water contamination can lead to the generation of macroscopic dust particles. Hollenstein et al. 2 used infrared absorption spectroscopy and mass spectrometry in an experimental study of particle formation in a capacitively coupled silane-oxygenargon plasma. Anions of high mass were observed whereas neutrals and cations were detected at lower mass ranges. A few theoretical and experimental studies 6, 7 examined the postoxidation of silicon films on the surfaces of existing silicon particles.
The modeling of inductively coupled HDP discharges in the absence of particle nucleation has been relatively well studied, [8] [9] [10] [11] [12] [13] but no model has previously been reported that treated both particle nucleation and a spatially varying plasma structure. Bhandarkar et al. 14 developed a detailed nucleation model for a pure silane plasma, but that model was zero dimensional, and treated species diffusion only in an approximate way as a sink term in the species population equations. Meeks et al. 15, 16 developed a detailed model for plasma chemistry in the silane-oxygen-argon system, with 46 neutral and ionic gas species together with 13 surface species participating in over 200 reactions under HDP conditions. 15 This work adopted a zero-dimensional perfectly stirred reactor approach, which allows computational efficiency by eliminating the consideration of species transport.
To our knowledge no model currently exists, for any chemical system, that satisfactorily accounts for detailed chemical clustering that leads to particle nucleation, while also considering species transport in a plasma discharge with physical dimensions. In this work, a fundamental kinetic approach is represented to model homogenous nucleation of silicon oxide particles in an inductively coupled silaneoxygen plasma reactor. A detailed chemical clustering mechanism was developed that extends the neutral silicon oxide clustering mechanism presented by Suh et al. 17 An ICP reactor was modeled by constructing a set of onedimensional conservation equations for mass, momentum, and energy within a multicomponent two-temperature framework. The clustering mechanism was self-consistently coupled to the reactor model, and time-dependent onedimensional ͑1D͒ simulations were conducted for a variety of discharge parameters.
for a high-density SiH 4 -O 2 -Ar plasma extends the model for neutral clustering during low-pressure silane oxidation previously developed by Suh et al. 17, 18 Given the complexity inherent in the Si-H-O system, and the enormous potential number of Si x H y O z species, our approach considers clustering only by those silicon-containing species that are believed most likely, under these conditions, to cluster, and that are predicted to exist in sufficient abundance to play a potentially important role in clustering. The mechanism includes clusters containing up to 11 silicon atoms. Further growth of clusters beyond this size is not considered here, and, once formed, clusters containing more than 10 silicon atoms are assumed to be chemically nonreactive.
A. Reaction types and rate parameters
A detailed description of the neutral clustering mechanism is provided in our previous work. 17 The neutral clustering mechanism consists of the following four classes of reactions: the reversible self-clustering of SiO and SiO 2 , together with contributions from SiH 2 O and HSiOOH and their dimers:
for 1рnр9, mϭ1 or 2, and nϩmр10. This neutral clustering mechanism is extended to include the following classes of reactions that are expected to be important in HDP environments: ͑1͒ electron-impact reactions with neutral and charged clusters of SiO, SiO 2 , SiH 2 O, and HSiOOH; ͑2͒ mutual neutralization of charged clusters; and ͑3͒ clustering reactions between neutral and charged species. Reaction types and rate parameters are summarized in Table I . The resulting mechanism, including both the base mechanism and clustering reactions, contains 104 species participating in 523 reactions.
Electron-impact reactions include eight prototypical reaction types. Since silicon oxides have positive electron affinities, electron attachment reactions ͑reaction type 1͒ can play an important role:
where M is a third body and xϭ1 or 2. In reaction ͑5͒, it is assumed that the excited anionic cluster ͓(SiO x ) n Ϫ ͔* is structurally large and stable with a number of multiple bonds. This assumption can lead to further simplification such that autodetachment of the electron ͓reverse direction of reaction ͑5͔͒ is negligible and that the stabilization process, reaction ͑6͒, is dominant over the dissociation process, reaction ͑7͒. The overall nondissociative reaction rate, therefore can be approximated to be k a Ϸk a,max , and is obtained based on the maximum ͑s-wave͒ electron-capture cross section:
where B is the deBroglie wavelength of the electron and ⑀ is the electron energy. The overall cross section of the dissociative attachment reaction ͑reaction type 2͒ can be roughly estimated to be 10 Ϫ18 -10 Ϫ20 cm 2 . For the reactions whose collision cross sections are known, the rate coefficients are calculated by assuming that the electron energy distribution function ͑EEDF͒ is Maxwellian:
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where i (⑀) is the electron-energy-dependent cross section of the ith reaction, m e is the electron mass, k B is the Boltzmann constant, T e is the mean electron temperature, and k i is the integrated rate coefficient of the ith reaction.
Ionization of silicon oxide clusters ͑reaction type 3͒ can take place when the electron energy is higher than the ionization potential ͑IP͒. Electron-energy-dependent ionization cross sections are used in the following semiempirical form:
where max is the maximum electron-capture cross section given in Eq. ͑8͒.
Electron where mϭ1 or 2. The rate parameters are estimated from analogous dissociation reactions. 15 The rate coefficient for electron detachment ͑ed͒ from anionic clusters ͑reaction type 6͒ increases with the cluster size, and the upper limits are given by 20 k ed,max Ϸ1.7ϫ10
Ϫ8 T e
where m is the number of molecular units in m-mers. The last two types of electron-impact reactions are electron recombination reactions. Dissociative recombination ͑reaction type 8͒ is known to be a much faster process in general than nondissociative ͑radiative͒ recombination ͑reac-tion type 7͒. The rate constants are weakly dependent on the properties of ions, and have typical values of 1, 22 
where k dr and k rr represent dissociative and radiative recombination rate constants, respectively. An approximate scaling law was proposed by Hickman 23 for the reaction rates for mutual neutralization between anionic and cationic clusters ͑reaction types 9 and 10͒:
where EA is the electron affinity of the parent neutral species of the anion in eV, m r is the reduced mass in atomic mass units, and T i is the ion temperature in K. Neutralization is assumed to occur associatively for silicon oxide clusters larger than the trimer. Last, clustering between charged and neutral silicon oxide clusters is considered ͑reaction type 11͒. The Langevin collision rate is known to represent a theoretical upper limit for ion-molecule collision rates, as given by
where ␣ is the polarizability of the neutral species in Å 3 , and m r is the reduced mass in atomic mass units. Equation ͑17͒
shows that the Langevin rate is not strongly dependent on the polarizability. Since the polarizabilities of silicon oxide clusters are not well known, an approximate scaling law for silane molecules 20 is used where the polarizability increases with the number of silicon atoms. The contribution from oxygen and hydrogen atoms is ignored:
B. Thermochemistry of ionic silicon oxide clusters
As the number of molecular units in a neutral k-mer increases, its electron affinity, EA k , increases while the ionization potential, IP k , decreases. Makov et al. 24 proposed expressions for EA k and IP k of dielectric clusters:
͑20͒
where EA ϱ and IP ϱ are, respectively, the electron affinity and ionization potential of a flat surface, and e, ⑀ i , ⑀ 0 , r k , and ␦ are, respectively, the elementary charge, relative permittivity ͑i.e., the absolute permittivity divided by the permittivity of free space͒, permittivity of free space, cluster radius, and a radius correction. EA ϱ and IP ϱ can be estimated from the known properties of SiO and SiO 2 monomers. 25, 26 To first approximation we assume ␦ϭ0, ⑀ i ϭ5.8 for SiO clusters, and ⑀ i ϭ4.4 for SiO 2 clusters. 21, 26 The resulting values for SiO and SiO 2 clusters, together with the estimated radii based on their ground state molecular structures, 25 are summarized in Table II . The heats of formation of charged clusters are obtained from the values of the corresponding neutral clusters by assuming that they differ by their ionization potentials or electron affinities depending on their charge status given by Eqs. ͑21͒ and ͑22͒, whereas specific heats and entropies are assumed to be the same for ions as for their parent neutrals.
The thermochemical properties of charged silicon oxide clusters are expressed in terms of polynomial fitting coefficients in the standard NASA format used in the CHEMKIN family of codes. 27 The fitting coefficients are presented in the Appendix.
C. Surface reaction mechanism
The heterogeneous chemistry at the deposition surface is not precisely modeled in this study. Positively charged species are known to gain a considerable amount of extra energy near the film deposition substrate due to the large gradient of electric potential inside the sheath. The accelerated positive species can produce a synergistic effect on the surface chemistry and thus on film growth and etching processes. 28 However, since the computational domain of interest in this study does not include the sheath region, as will be discussed below, a detailed treatment of heterogeneous chemistry that leads to a reliable prediction of film growth is not pursued. Instead, a simplified approach is used. The surface reaction mechanism serves somewhat as a boundary condition for the species mass conservation equations, and a sticking probability is assigned to each gas species arriving at the deposition surface ͑more precisely speaking, at the sheath edge͒.
Neutral radicals are assumed to stick with unity probability unless their surface reactivities are known from the literature. Positively charged species are assumed to neutralize at the surface via electron recombination reactions. All other species, including negatively charged clusters, are assumed to be nonreactive and thus to have zero net flux to the surface.
III. 1D PLASMA REACTOR MODEL

A. Overview and assumptions
An ICP reactor is modeled by considering a Gaseous Electronics Conference ͑GEC͒ reference cell. 29 The flow in the center region of the reactor is assumed to be an axisymmetric stagnation-point flow between two parallel plates, separated by a distance of 6.8 cm. A detailed derivation of the governing equations in this geometry in thermal environments can be found in the work of Coltrin et al. 30 The governing equations can be reduced to one-dimensional form through a similarity transformation. 31 To account for additional dominant features of ICPs, an extended set of conservation equations is formulated for mass, momentum, and energy within a multicomponent two-temperature framework.
Reactant gases are introduced at a given mass flow rate through the inlet showerhead, where the induction coils are assumed to be located ͑6.8 cm distance from the substrate͒. A driving frequency of 13.56 MHz for the radio frequency ͑rf͒ power is assumed.
The externally induced electromagnetic field is assumed to decay exponentially in the plasma due to the skin effect. While the heating of electrons through the inductive field is included in our model, heavy particles are unaffected due to their inertia. Charged species transport relative to the mixture-averaged velocity is determined by the spacecharge-induced electric field, which is obtained by assuming plasma quasineutrality.
Both the inlet showerhead and the substrate are treated as deposition surfaces. A very thin sheath is assumed to exist by imposing a discontinuity in the plasma potential at each boundary, so that the sheath regions can be excluded from the computational domain. This assumption together with quasineutrality enables one to reduce the computational expense by avoiding the need to consider the sharp gradients inside the sheaths and an additional set of equations for the electric fields.
Due in part to the complexity of the model, we avoid the solution of the Boltzmann equation by assuming a Maxwellian electron energy distribution function. This is a reasonable working assumption, especially considering the paucity of fundamental data such as the collision cross sections for electron impact reactions that involve silicon oxides. Since there is experimental evidence for non-Maxwellian behavior of the electron distribution function in ICPs, 11 solution of the Boltzmann equation may be added in future studies.
The electron temperature is obtained separately by solving the electron energy equation. All heavy species regardless of their size and charge are assumed to be at a common, specified gas temperature that is uniform over the reactor space, although in general there could be gradients in gas temperature depending on the reactor configuration.
B. Governing equations
The set of governing equations that describe the stagnation-point flow between two infinite parallel plates in a thermal system can be found elsewhere. 30 Here in Sec. III B, additional governing equations and source terms are presented that take into account the model assumptions discussed in Sec. III A.
Gas species are transported by convection, diffusion, and, if charged, by the ambipolar potential field. The mass conservation equation of the kth gas species is given by
where , u, Y k , W k , and k are, respectively, mass-averaged mixture density, mass-averaged mixture velocity, mass frac- tion, molecular weight, and net production rate of the kth species. The kth species mass flux j k relative to u can be expressed as
where k B , T, e, X k , D km , m k , and q k are, respectively, the Boltzmann constant, gas temperature, elementary charge, mole fraction, mixture-averaged diffusion coefficient, the molecular mass, and the number of charges per molecule of the kth species. The electron mass flux is determined from ambipolarity by Eq. ͑25͒, where the subscript e denotes electron. The ambipolar electric field, E ambi , is related to the electron concentration gradient, and is given by where I ei , ⌬H r , and A r are, respectively, the total number of electron-impact reactions, the net enthalpy change of the rth reaction, and the net rate of progress of the reaction. Inductive heating of electrons by the external electric field is given by the last term on the rhs of Eq. ͑27͒. The power deposition per unit volume of the gas mixture can be expressed as
The plasma conductivity can be obtained from p ϭ⑀ 0 pe 2 / en Ϫi, 35 where ⑀ 0 is the permittivity of free space. The plasma frequency is determined from pe ϭ(e 2 n e /m e ⑀ 0 ) 1/2 . The angular frequency ϭ2 f , where f is the antenna frequency of the induction coils, is assumed to equal 13.56 MHz. The external electric field induced by the induction coils, E ind , can be expressed by the standard skin effect law 35 as
͑33͒
where the skin depth can be expressed as
Here c is the speed of light, and the relative plasma permittivity is given by ⑀ p ϭ1Ϫ͓ pe 2 /( Ϫi en )͔.
C. Boundary conditions
The flux of negative ions is set to zero at the boundaries, whereas the mass fluxes of neutrals and of positive ions are balanced by their surface production rates, given by
where ṡ k , u ϱ , and Y k,ϱ are the surface production rate, inlet velocity, and inlet mass fraction of the kth species, respectively. Radicals and neutral clusters are assumed to react with unity probability at both boundaries.
To convert the sticking probability expression of the surface recombination reactions that involve positive ions to the usual kinetic rate constants, the following relation 36 is used:
where ␥ i is the sticking ͑reaction͒ probability of the ith reaction, ⌫ is the surface site density, and m is the sum of the stoichiometric coefficients of reactants in the ith reaction that are surface species. This expression uses the assumption that the ions enter the sheath with the Bohm velocity, ͱk B T e /W ion .
IV. NUMERICAL IMPLEMENTATION: A MODIFICATION OF SPIN
SPIN, 37 the CHEMKIN 27 application program for onedimensional stagnation-flow CVD reactors, was modified to solve the stagnation-point flow. The set of governing equations including Eqs. ͑23͒ and ͑27͒ must be solved simultaneously together with the silane-oxygen-argon plasma chemistry and the chemical clustering mechanism.
Although time-dependent simulations were conducted in this study to reduce computational difficulties, a steady-state solution was ultimately intended. The simulation results were obtained after a time integration of a few milliseconds, during the latter part of which the solution did not change noticeably. However, it is not clear physically whether a steadystate solution exists in a plasma system, especially one in which particle formation takes place, since negatively charged particles can be trapped in the plasma and undergo a growth process for a long while, thereby affecting the plasma.
TWOPNT, 38 a boundary-value-problem solver based on the modified Newton method, was used to search iteratively for converged solutions. Time-dependent calculations were performed here. Initially the species concentrations everywhere in the reactor space were set to be the same as the inlet condition. However, for the range of conditions considered in this study, the solution became practically independent of the initial conditions after a few tens of microseconds of time integration. The time step had to be maintained at less than 10 Ϫ8 s to guarantee convergence. For a time integration of 3 ms, a typical run required about 20 CPU hours on an SGI Origin 2000 supercomputer.
V. SIMULATION RESULTS
In order to validate our model, we performed initial simulations for a pure oxygen plasma. Results of the simulations are compared with experimental and modeling results of Gudmundsson and Lieberman 39 in Figs. 1 and 2 . Figure 1 shows the electron density as a function of rf power. The predictions of our model agree to within about 50% with the predictions of the Gudmundsson and Lieberman model. Also, the comparison with their measured electron densities is good. Electron temperatures as a function of the rf power applied are shown in Fig. 2 . Our model yields electron temperatures that are within 3% of the Gudmundsson and Lieberman model. The measurements of these authors, performed at different pressures, gave higher temperatures than predicted by both models. However, it is well known that Langmuir probe measurements in rf plasma often tend to overestimate the electron temperature. In general, the comparison of our model to the results published by Gudmundsson and Lieberman is very reasonable.
Since our simulation results for an oxygen plasma appear reasonable, we now turn to the more complicated case of a silane-oxygen-argon plasma. The flow rates of argon, oxygen, and silane are, respectively, 100, 2.3, and 1.0 sccm. We first consider a base case in which the pressure is fixed at 100 mTorr, the power input at the induction coil is equal to 1.9 W cm Ϫ2 , and the gas heavy species temperature is fixed at 500 K.
For the base case conditions, Fig. 3 shows the predicted species concentration profiles for all nonsilicon-containing species present anywhere in the domain at a concentration above 10 10 cm Ϫ3 . The shapes of these profiles are primarily affected by two factors: ͑1͒ the deposition of power into the plasma close to the induction coil that is located 6.8 cm from the substrate; and ͑2͒ whether or not a given species is assumed to be reactive at surfaces. The first factor causes the concentration profiles of excited-state argon (Ar*), argon ions, and OH to peak close to the induction coil ͑however, see also the discussion accompanying Fig. 9 below͒. The second factor causes the concentration profiles of radical species such as O and H to drop close to the surfaces, whereas the profiles of O 2 H 2 , and Ar are relatively flat. Figure 4 shows the predicted base case concentration profiles of the dominant species that contain one or two silicon atoms. Silane decomposition is seen to be over 90% complete by the middle of the axial domain. The SiO dimer is predicted to be the most abundant species, followed by the SiO monomer and then the SiO 2 dimer. The next most abundant silicon oxide species are predicted to be SiH 2 O and the HSiOOH dimer. As discussed in Sec. III A, these species are believed to be potentially important in silicon oxide clustering, through hydrogen elimination reactions ͑3͒ and ͑4͒. Figure 4 also indicates that the concentration of silicon dimers, Si 2 , rises steeply toward the deposition substrate, finally becoming the most abundant silicon-containing species at xϭ0. However we believe that the predicted abundance of Si 2 is an artifact of the model's limitations. Si 2 is one of the end products of chain terminating reactions in silane oxidation. Our mechanism does not consider its destruction in subsequent reactions, nor is it assumed to react at surfaces. Therefore its predicted concentration is expected to be artificially high. We do not expect bare silicon clustering   FIG. 3 . Predicted concentration profiles of dominant nonsiliconcontaining species for base case conditions: pressureϭ100 mTorr, power densityϭ1.9 W cm Ϫ2 , gas temperature ϭ500 K.
FIG. 4.
Predicted concentration profiles of dominant species containing one or two silicon atoms for base case conditions. to be significant in this system, because of the high relative abundance of oxygen and hydrogen. Figure 5 shows the concentration profiles of the dominant negatively charged species, exclusive of species containing more than two silicon atoms. These profiles all drop sharply near the electrodes, because anions are electrostatically confined in the plasma, except for the electrons, which are at much higher temperature ͑see also the discussion accompanying Fig. 10 below͒. The electron concentration is predicted to equal ϳ10 11 cm Ϫ3 , but it is interesting to note that the dominant negatively charged species over most of the plasma are not electrons but the SiO dimer anion, which is formed by electron attachment to the abundant neutral SiO dimer. Figure 6 shows the predicted concentration profiles for neutral SiO clusters. Consistent with Fig. 4 , the SiO dimer is predicted to be more abundant than the monomer, but otherwise the relative abundance follows a monotonically decreasing sequence as the cluster size increases. Insofar as the largest clusters included in the simulation can be treated as ''particles,'' these results suggest a particle concentration in the range of 10 7 -10 8 cm Ϫ3 . For clusters of any given size the base case calculations predict that neutrals are most abundant, followed by anions and then cations. The calculations also predict that SiO clusters are far more abundant than SiO 2 clusters, consistent with the relative abundances seen in Fig. 4 . These trends are illustrated in Fig. 7 , in this case for trimers.
The primary clustering pathways in the center of the re- actor for the base case conditions are shown in Fig. 8 . Positive clusters are predicted to play little role in clustering because of their recombination reactions either at the surfaces or in the gas phase. Anionic monomers and dimers are produced by electron attachment to their neutrals. The anionic clusters grow mainly by the addition of SiO dimers produced by the dissociation of (SiH 2 O) 2 , because dimers are predicted to be more abundant than monomers. Neutralization of anions is predicted to occur at much faster rates than clustering among neutrals. This explains why the neutral clusters exhibit higher concentrations in Figs. 6 and 7 relative to anionic clusters. Anionic clusters might have been expected to be the major species since the plasma potential confines them to the reactor center, allowing relatively long residence times if the neutralization rate is not fast enough. The primary clustering pathways are expected to remain largely unaffected by the change in pressure or power, although the magnitude of the rates will change, a result of the variation in precursor concentrations and from pressure-dependent kinetics. Figures 9-12 explore the effects of varying several process parameters, including pressure, power input, and gas ͑i.e., heavy species͒ temperature. In each case the base case results are compared to simulations in which one of the parameters was varied, as indicated in Figs. 9-12 , while the other parameters were kept the same as in the base case. Figure 9 shows the spatial profiles of the positive ion density for all cases considered. As seen in Fig. 3 , the Ar ϩ ions are the dominant ions and the only ones that appear with a concentration greater than 10 10 cm Ϫ3 . The ion density profile of the base case ͑100 mTorr, 1.9 W cm Ϫ2 , 500 K͒ shows strong asymmetry with a peak close to the position of the induction coil. This is caused by the strongly asymmetric rf electric field that decreases rapidly in the skin layer, and additionally by the fact that at 100 mTorr both the electron and ion transport are strongly collision dominated. The resulting localized energy dissipation of the electrons causes an ionization profile that is peaked close to the induction coil. At higher power ͑8.2 W cm Ϫ2 ) the axial ion density profile has approximately the same shape as in the base case and the ion density increases in rough proportion to the increase in rf power. Increasing the gas temperature to ͑1000 K͒ or decreasing the pressure to ͑10 mTorr͒ both lead to a less collisional electron transport and correspondingly to less localized electron energy dissipation. At 100 mTorr and 1000 K the ion density profile still shows a slight peak close to the induction coil but far less pronounced than at 500 K. At 10 mTorr, the ion density profile becomes almost symmetric with a maximum in the center. While the electrons are still mainly heated in the skin layer close to the induction coil, the low pressure enables efficient energy transport via the electrons throughout the plasma volume ͑nonlocal case͒. Figure 10 shows the corresponding electron density profiles. The electron density profiles are far more uniform and   FIG. 9 . Predicted argon ion concentration profiles for the base case and for cases in which either the pressure, power, or gas temperature was varied, keeping all other conditions the same as those in the base case. FIG. 10 . Predicted electron concentration profiles, with comparisons similar to those in Fig. 9 .
symmetric than the positive ion profiles due the fact that the electron temperature is much higher than the heavy species temperature. The ambipolar space charge potential hence adjusts such that the negative ion profile more closely resembles the positive ion profile seen in Fig. 9 . The relatively small potential variations needed to achieve this cause the electron density profile to lack the peaks seen in the positive ion profiles. In the 10 mTorr case, the electron and positive ion density are almost equal. This is a result of the negligible clustering predicted in this case ͑see below͒, and negative ions are insignificant. For the 100 mTorr cases, the increase of rf power from 1.9 to 8.2 W/cm 2 leads to a relatively stronger increase in the electron density than was observed in the positive ion density in Fig. 9 . This means that with an increase in rf power the plasma becomes less electronegative. Increasing the gas temperature at constant pressure leads to a drop of the electron density compared to the base case. This may simply be related to the associated decrease in the neutral gas density as the temperature increases at fixed pressure. However, the drop in electron density is less pronounced than observed for the positive ion density, which means that at higher gas temperature the plasma again becomes more electronegative. All these trends are consistent with the well-known behavior of simple electronegative gases, i.e., that the electronegativity of the plasma ␣ ϭn n /n e scales with the ratio of electron density to neutral gas density as (n e /n g )
Ϫ1/2
, with n n the negative ion density and n g the neutral gas density. Predicted concentration profiles of (SiO) 6 , with comparisons similar to those in Fig. 9 . Figure 11 shows the predicted axial electron temperature profiles. The flat temperature profile at 10 mTorr demonstrates that at this low pressure the energy transport through the electrons is very efficiency and the temperature profile is decoupled from the nonuniform profile of rf heating in the skin layer. In the higher pressure cases, the rf power dissipation becomes more localized through decreased electron energy transport, leading to a maximum of the electron temperature close to the induction coil. This effect is more pronounced at the low gas temperature of 500 K than at 1000 K due to the higher neutral gas density at the lower temperature. As expected, the average electron temperature at 10 mTorr is higher than at 100 mTorr in order for ionization to balance the larger particle loss rates at lower pressures. Figure 12 shows the concentration profiles of the hexamer. First of all, pressure is shown to have the most significant effect in clustering, with the concentration dropping six orders of magnitude when pressure is reduced from 100 to 10 mTorr. Also shown is the considerable effect of the gas temperature. In the case where the gas temperature is doubled to 1000 K, the hexamer concentration is shown to drop three orders of magnitude, below 10 6 cm Ϫ3 . This is due to the increased rates of dissociation of silicon oxide clusters at elevated temperature. In reaction types 11 and 12 in Table  I , the reverse directions become increasingly favored at higher temperatures, and clustering cannot proceed as fast beyond the first few steps. Compared to the base case at 500 K, the production rates of anionic dimers and trimers decrease by more than two orders of magnitude at 1000 K. For the higher power case, 8.2 W/cm 2 , the increased electron concentration ͑see Fig. 10͒ and the more localized electron temperature profile ͑larger gradient near the inlet; see Fig.  11͒ cause the peak concentration to increase and to shift toward the induction coil.
A sensitivity analysis was performed to assess the predominant reactions that contribute to species concentration profiles. We adopted the approach of Coltrin et al., 37 which utilizes Jacobian and LU factorization that are already available from the original solution algorithm, using the modified Newton method. Figure 13 shows the normalized sensitivity coefficients of several species of interest in the center of the reactor for the base case conditions. The computed sensitivity coefficients, i.e., the rates of change of solution variables with respect to system parameters, can be expressed in the following form:
where ␣ i is the pre-exponential factor in the rate constant of the ith reaction. Y k , X k , and W are, respectively, the mass and the mole fraction of the kth species, and the mean molecular weight of the gas mixture. Among the clustering reactions in Table I , the highest sensitivities for most species are found to be associated with the rate parameters for electron attachment reactions, whose key role is suggested in Fig. 8 . The rate constants of electron attachment reactions ͑reaction type 1͒ were roughly estimated based on the species-independent maximum cross sections. 19, 20 Other reactions to which the results are highly sensitive include neutralization of a dimer ͑reaction type 9͒ and ion-neutral clustering ͑reaction type 11͒, for which the rate parameters are again estimated to no better than order-of-magnitude uncertainty.
VI. SUMMARY
A detailed silicon oxide clustering mechanism in lowpressure silane-oxygen-argon plasmas was developed. An inductively coupled plasma reactor was modeled by constructing a set of one-dimensional conservation equations for mass, momentum, and energy within a multicomponent twotemperature framework. Time-dependent simulations were conducted to predict spatial profiles of species concentrations and discharge properties for conditions typical of inductively coupled SiH 4 -O 2 -Ar high-density plasma. The primary pathways and major contributing processes to clustering were identified. Neutral clusters, produced primarily from neutralization of anionic clusters, were predicted to be more abundant than their charged relatives. Pressure and gas temperature are predicted to have important effects on clustering. A sensitivity analysis identified several reactions that play a key role in the predicted results.
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APPENDIX: ESTIMATES OF CLUSTER THERMOCHEMICAL PROPERTIES "SEE
